Introduction
Human low-density lipoprotein (LDL) particles are complex biological assemblies of a variety of physiologically relevant lipid mole cules and a single copy of apolipoprotein B-100 (apoB-100). The main purpose of circulating LDL is to provide sufficient cholesterol supply for various tissues throughout the human body. [1] LDL nanoparticles have a core-shell structure. The hydrophobic core is basically built up of cholesteryl esters (CE), triglycerides (TG), and some free cholesterol (FC). The core-located lipids show a thermal phase transition corresponding to a melting transition from a smectic liquid crystalline phase to a disordered fluid phase. The actual phase transition temperature (T m ) strongly depends on the core lipid composition. [2, 3] The amphiphilic outer shell consists of a phospholipid (PL) mono layer, FC mole cules, and the large amphipathic protein, apoB-100, embedded in the surface. A cross-sectional scheme of LDL's Low-density lipoproteins (LDL) are natural lipid transporter in human plasma whose chemically modified forms contribute to the progression of atherosclerosis and cardiovascular diseases accounting for a vast majority of deaths in westernized civilizations. For the development of new treatment strategies, it is important to have a detailed picture of LDL nanoparticles on a molecular basis. Through the combination of X-ray and neutron smallangle scattering (SAS) techniques with high hydrostatic pressure (HHP) this study describes structural features of normolipidemic, triglyceride-rich and oxidized forms of LDL. Due to the different scattering contrasts for X-rays and neutrons, information on the effects of HHP on the internal structure determined by lipid rearrangements and changes in particle shape becomes accessible. Independent pressure and temperature variations provoke a phase transition in the lipid core domain. With increasing pressure an interrelated anisotropic deformation and flattening of the particle are induced. All LDL nanoparticles maintain their structural integrity even at 3000 bar and show a reversible response toward pressure variations. The present work depicts the complementarity of pressure and temperature as independent thermodynamic parameters and introduces HHP as a tool to study molecular assembling and interaction processes in distinct lipoprotein particles in a nondestructive manner.
architecture is shown in Figure 1A . Only with this complex molecular arrangement LDL is able to transport highly hydrophobic mole cules like CE or TG in the aqueous environment of blood.
As a known key player in atherosclerosis and potential cause of cardiovascular diseases, [4] LDL has been in the focus of medical research for almost sixty years. [5] Various aspects of LDL metabolism have been studied by a variety of biophysical, biochemical, and molecular biological techniques to provide a more detailed picture on the molecular mechanisms underlying the development and progression of atherosclerosis. Apart from elevated levels of LDL in the blood stream, small dense LDL particles and oxidatively modified forms of LDL have been Figure 1 . A) Cross-sectional scheme of an LDL particle below (left) and above (right) T m . B) Experimental SAXS curves of N-LDL (first row), Ox-LDL (second row), and TG-LDL (third row) measured at increasing pressure points. The samples were measured below T m (left column) and above T m (right column). The curves at the varying pressure points are shown in a continuous order from the lowest pressure point (bottom curve) to the highest pressure point (top curve). The SAXS curves were shifted vertically for better visibility. The characteristic peak at a scattering vector q = 1.7 nm −1 is marked by an arrow.
identified as additional risk factors for the pathogenesis of atherosclerosis. [6] [7] [8] All these studies provide evidence that variations in lipid composition and modifications of lipids impact lipid transport mechanisms, protein receptor recognition, and lipoprotein metabolism.
Besides medical aspects, the supramolecular assembly of LDL particles has caught the interest of structural biologists and physicists. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] In clear contrast to a plethora of studies conducted by indirect scattering techniques, which assumed a spherical particle shape and a centrosymmetric radial arrangement of the core lipids below the transition temperature, more recent cryo-electron microscopic studies are in support of a three-layered structure of the neutral lipid core below the particle's T m and a discoidal overall particle shape. [13, 15, 16, 18, 19, [21] [22] [23] As yet, very little is known about the molecular structural details of LDL particles in solution, in particular how structural and morphological alterations in distinct LDL particles with varying lipid/cholesterol/triglyceride profiles impact its function is largely unknown. Slight variations in particle shape and morphology might affect surface exposure and accessibility of protein domains and hence influence the receptor-mediated uptake of LDL. Apart from lipid composition, variations by chemical modifications through peroxidation processes, temperature, or shear stress could likely induce structural rearrangements in LDL that directly impact its function. To address this issue we aim to investigate the susceptibility of LDL structure to external stress conditions using both temperature and high hydrostatic pressure (HHP) as independent thermodynamic variables. HHP has the advantage that it provides direct access to volume changes and particle stability. Thus, it allows to probe intramolecular lipid interactions precisely without any changes in the thermal energy.
HHP has become a state-of-the-art technique as a probing tool for various applications in biophysical research. [24] A number of studies have been carried out on proteins, lipid phases, biomembranes, and piezophilic prokaryotes at HHP. [25] [26] [27] [28] [29] [30] [31] Such data revealed that lipids are in general much more sensitive to pressure than proteins. [32] [33] [34] For instance, in model membrane systems pressure induces a lateral compression and ordering of acyl chains of phospholipid molecules resulting in a pronounced thickening of the bilayer. [25, 26] How HHP affects the structure and molecular organization of lipid assemblies composed of a phospholipid monolayer surrounding an oily lipid core, as provided in lipoprotein particles, is not known so far. Only recently, we have reported on the molecular dynamics of lipoproteins under HHP. [35, 36] These data revealed that HHP has a significant impact on the atomic motions and the flexibility of LDL particles, strongly depending on the actual lipid composition.
The aim of the present systematic study was to clarify the structural impact of HHP on LDL particles by applying small angle X-ray scattering (SAXS) and small angle neutron scattering (SANS) techniques. More precisely, we investigated LDL samples isolated from normolipidemic donors; tested the influence of the core lipid composition using an LDL sample with a TG-rich lipid core, which is typically found in blood samples of hypertriglyceridemic patients [15, [37] [38] [39] [40] ; and finally addressed the behavior of oxidatively stressed LDL. [12, 20, [41] [42] [43] [44] [45] [46] The latter two populations are suggested to have a major impact on the development of cardiovascular diseases and are therefore of great pathophysiological interest in particular for the development of new therapies. [4, 47] As such, it would be highly interesting to see whether structural and morphological features are distinctly different in modified LDL as response to external pressure-induced stress. Another interesting aspect related to pressure is whether HHP can be applied as mechanical tool to manipulate LDL nanoparticles. For this purpose reversible pressure effects without impairing particle stability are the prerequisite. The underlying idea is that high pressure could be technologically used in pharmaceutical applications to load natural LDL nanoparticles with drugs or imaging agents to target disease sites in atherosclerosis or cancer. [48] [49] [50] [51] In this work, we demonstrate that independent variations in temperature and pressure induce a phase transition in the lipid core domain of LDL. With increasing hydrostatic pressure we observe an interrelated anisotropic deformation and flattening of the particle shape that is fully reversible upon releasing pressure, and most interestingly such prominent effects cannot be achieved by changing the temperature. Lastly, we found that the morphological changes strongly depend on the molecular conditions of the LDL particles and that LDL nanoparticles are generally highly resistant to pressure.
Results and Discussion

High Hydrostatic Pressure SAXS Measurements
SAXS data were measured for different forms of LDL comprising normolipidemic (N-LDL), triglyceride-rich (TG-LDL), and oxidized (Ox-LDL) nanoparticles. N-LDL and TG-LDL were directly isolated from plasma of individual donors in their native state. The Ox-LDL sample was prepared through in vitro oxidation of the native sample and subsequent inhibition of the oxidation process prior to the onset of extensive oxidative damage. [3] The chemical compositions of the samples used for SAXS measurements are given in Table S1 in the Supporting Information. Differential scanning calorimetry (DSC) curves were measured to obtain the actual lipid core phase transition temperature T m ( Figure S1 , Supporting Information). All calorimetric data are summarized in Table S2 in the Supporting Information. The CE/TG ratio directly correlates with T m of LDL. [38, 52] Here, the CE/TG ratios were about 8.0 and 3.5 with T m values of 28.5 and 14.3 °C for N-LDL and TG-LDL, respectively. The transition temperature for the oxidized sample was slightly increased (29.1 °C) compared to its native counterpart (28.5 °C) in accordance with published findings. [43] Synchrotron SAXS experiments were performed at the Austrian SAXS beamline (ELETTRA, Trieste, Italy) at different pressure and temperature points. HHP was altered from 50 bar (lowest pressure) to 3000 bar (highest pressure) at two distinct temperatures, one below and the other well above T m ( Figure 1B) . The most characteristic feature in the experimental SAXS curves of LDL is a major peak at a scattering vector of q = 1.7 nm −1 (5th side maximum, arrows in Figure 1B ), typically observed for LDL samples measured below T m. This peak correlates with an ordered CE layer structure with a periodicity of about 3.7 nm, corresponding approximately to the length of a CE molecule. However, the peak is not characterized by a sharp Bragg reflection, probably due to the low number of only three CE layers in the ordered core of LDL, and by the fact that the regular liquid crystalline packing of CE is disturbed by the presence of TG molecules.
As expected, all scattering curves measured below T m show the peak at q = 1.7 nm −1 (Figure 1B , left columns). Notably, the intensity of this peak is not influenced by pressure, except for the TG-LDL sample in which the peak at q = 1.7 nm −1 becomes more intense with increasing pressure. As the temperature measured for the TG-LDL (13 °C) is very close to the actual T m of TG-LDL (14.3 °C), we speculate that the ordered lipid core might not be fully developed at this temperature and increasing pressure might induce a more pronounced ordering, similar to that expected for a further decrease in temperature. Above T m , the lipid core is in a liquid disordered state. In the SAXS pattern this is directly reflected by the missing peak at q = 1.7 nm −1 as seen for LDL samples measured at low pressure ( Figure 1B , right columns). With increasing pressure the peak at q = 1.7 nm −1 develops indicating a pressure-induced ordering of the lipid molecules and the induction of the core lipid phase transition.
Another feature directly extracted from the scattering curves is a significant flattening and shift of the 1st side maximum to lower q-values with increasing pressure. This pressure-induced shift is independent of temperature and points to a molecular rearrangement within the particle apart from the induction of the core lipid phase transition with pressure.
Reversibility of High Pressure Effects on LDL Samples
To investigate whether the effects of pressure on LDL samples are reversible, the SAXS high pressure experiments were examined both upward and downward the pressure range (50-3000 bar). We found that all LDL samples possess a fully reversible behavior independent of temperature. The SAXS curves at the lowest pressure point (50 bar) almost perfectly superimposed before and after the isothermal high pressure scans up to 3000 bar, as depicted for N-LDL and its autologous oxidized form in Figure 2 . Since the internal lipid organization in LDL nanoparticles tends to be highly sensitive to external stimuli and since the lipids react extremely fast to changes of physical parameters as previously shown for rapid changes in temperature, [53] we suggest that an entirely reversible and switchable induction of the phase transformation of the core lipids occurs upon pressure, similar to that observed for variations in temperature. 
Model-Independent Analyses of SAXS Data
For the model-independent analysis of SAXS data the pair distance distribution function p(r) was calculated. This function holds great importance for data analysis since it contains the entire real space information that can be directly obtained from an experimental scattering curve. [9] The indirect Fourier transformation (IFT) method was used to obtain the p(r) functions applying the program generalized indirect Fourier transformation (GIFT) [54, 55] in the q-range from 0.12 to 3.00 nm −1 . A representative example for an approximated curve of a calculated p(r) function fitted to experimental scattering data is shown in Figure S2 in the Supporting Information. The approximated curve perfectly fits the experimental data except for the very low q-region where a slight deviation occurs, seen by a steeper slope of the experimental data, probably due to the influence of a structure factor corresponding to particle-particle interactions at high LDL concentrations and some particle aggregation. This behavior was typical for all curves and therefore the inner part of the scattering curve has been truncated and the maximal particle length (D max ) was fixed to 26 nm; a value that is frequently used in other studies. [41, 56, 57] The calculated p(r) functions of LDL show several characteristic features, which are exemplarily numbered from 1 to 6 as seen in Figure 3 (first row, left). The peaks 1-4 are assigned to the ordered CE lamellae in the lipid core, the negative peak 5 corresponds to the hydrocarbon chains of the phospholipid monolayer and peak 6 represents the outer layer composed of phospholipid headgroups and protein. [41] As seen in Figure 3 (left columns), the positions of peaks 1-4 are very similar in all p(r) functions in LDL samples measured below T m . They represent the lamellar distances of the ordered CE core in a radius range from 0 to 15 nm. [41] Usually, above T m LDL has disordered core reflected by only one major peak in the radius range from 0 to 15 nm. [58] This feature can also be seen in the low pressure curves (Figure 3 , right columns). When the pressure is increased the lamellar ordering is induced, correlating with the occurrence of the peak at q = 1.7 nm −1 in the experimental curves ( Figure 1B) . At a pressure of 1000 bar the peak characteristics are fully developed corresponding to a decrease in temperature of about 20 °C. Interestingly, a very similar behavior is reported for the gel-fluid coexistence region of binary lipid systems, in which a shift of about 22 °C/1000 bar is observed. [25] However, the inverse relationship between pressure and temperature has to be considered as a qualitative measure for systems which are not at a phase boundary. [25, 29] Noteworthy, the exact positions of the peaks 1-4 are not changed as a function of pressure. This indicates that the distances of the lamellae in the core, either inherently present at low temperature or induced by HHP are not altered and remain constant throughout the applied pressure range up to 3000 bar. In contrast to peaks number 1-4, the maximum of peak number 6 is clearly shifted toward lower r-values with increasing pressure in N-LDL and Ox-LDL, but not in TG-LDL. It is a continuous shift from the lowest pressure point (50 bar) to the highest pressure point (3000 bar). The precise r-values for the maxima of peak 6 at extreme pressure points are listed in Table S3 in the Supporting Information. The shift of the maximum of peak 6 to lower values indicates that the distance distribution around a length of 20 nm is shifted to shorter distances pointing to a structural rearrangement of the LDL particle and changes in the electron density profile of LDL in this region. [20] The shift is not observed in TG-LDL indicative for a different molecular lipid arrangement within TG-LDL particles. Another feature that is different in TG-LDL is the intensities of peaks 5 and 6. Those are much less pronounced in the p(r) function of TG-LDL than compared to all other samples.
Especially, the negative peak 5, which correlates with the less electron dense hydrocarbon chains of the phospholipid monolayer on the surface of LDL, is significantly less pronounced. This could imply that more electron dense components (i.e., PL headgroups, protein, CE headgroups) are intermixed in this region to raise the average electron density in this part of the particle. This assumption could also explain why the electron dense region at around 20 nm (peak 6) does not further shift to smaller r-values under HHP. To clarify such molecular differences, a model dependent approach published recently for LDL nanoparticles was applied to our SAXS data, but unfortunately did not lead to reasonable results. [59] To obtain a more comprehensive picture on particle shape characteristics at high pressure SANS experiments were performed. For SANS the scattering length density contrasts of LDL molecules are all large compared to the surrounding solvent and therefore the LDL particle can be regarded as a particle with a homogeneous scattering length density, which makes it simpler to detect overall changes in the shape of the particle.
High Hydrostatic Pressure SANS Measurements
SANS data were measured for N-LDL, Ox-LDL, and TG-LDL samples (for details see the Experimental Section). The chemical compositions of the SANS samples are given in Table S4 in the Supporting Information. The corresponding DSC curves are shown in Figure S3 in the Supporting Information and the calorimetric data are summarized in Table S5 in the Supporting Information. SANS data were collected at several pressure points (20, 300, 600, 1200, 2000, 3000 bar) and at two temperatures, well below (10 °C) and above T m (40 °C). The SANS curves (Figure 4) show a direct correlation between elevated pressure levels and the shape of the scattering curves.
Model-Independent Analyses of SANS Data
The radius of gyration (R g ) for each experimental condition was determined with the Guinier approximation in a q-range from 0.092 to 0.197 nm −1 (Figure S4 , Supporting Information). Up to 1200 bar the R g values slightly decreased, however, at high pressure points (2000 and 3000 bar) the R g values strikingly increased, especially for the samples measured below T m (Figure 5) . At low temperature LDL particles are less flexible and more rigid due to the liquid crystalline lipid core and HHP seems to have a more pronounced effect on the overall shape of LDL samples. Above T m , the LDL particles have a fluid lipid core and the lipid molecules might have more adaptation possibilities.
To monitor the degree of compactness of the LDL particles Kratky plots [60] were drawn ( Figure S5 , Supporting Information). The bell-shaped curves of the Kratky plots indicate globular particles. A plateau or increase in the high q-region would indicate extended molecules or unfolded particles. Thus, our data clearly show that a globular like particle shape is present over the whole range of experimental conditions. This implies that the structural integrity of LDL is not impaired even at the highest pressure point. Next, the pair distance distribution functions p(r) were calculated from the SANS curves for all experimental conditions ( Figure S6 , Supporting Information). With SANS, in contrast to SAXS, only the overall shape of the particle can be seen and already very small changes in the relative positions of surface molecules can lead to detectable changes in the p(r) function. From the p(r) functions a D max value of 25 nm was derived and did not change within the investigated temperature and pressure range. However, the slight shift in the position and intensity of the maximum of the bell shaped p(r) function suggests a structural adaptation and particle deformation with increasing pressure, which could be confirmed by ab initio modeling.
Ab Initio Shape Determination of LDL under HHP
Ab initio low resolution shapes of the SANS data were calculated with the program DAMMIN or DAMMIF from the ATSAS package. [61, 62] In this case, a predefined search volume, here 25 nm, is filled with densely packed spheres of defined radius (1 nm) to determine a configuration which approximates the scattering curve best. Simulated annealing was used to accomplish the global minimization of the target function (see the Experimental Section for details). The fitting procedures were carried out for the N-LDL, Ox-LDL, and TG-LDL samples at the two measured temperatures (10 and 40 °C) and at the two most extreme pressure points and at intermediate pressure (1200 bar). An exemplary result of a DAMMIN fit to the experimental SANS data is shown in Figure S7 in the Supporting Information. The goodness of the fit parameters for all DAMMIN/DAMMIF fits is summarized in Table S6 in the Supporting Information. The applied SANS curves, the final averaged DAMMIN models and the particle dimensions derived from the inertia axis aligned bounding box (IABB) (see Figure S8 in the Supporting Information) are shown in Figure 6 . The final DAMMIN models are depicted from three perpendicular perspectives. The top view shows the particle with the viewer's perspective along the shortest axis. The front and side view correspond to rotations by 90° and viewpoints along the other two axes. The diameters are shown as a function of pressure together with their relative changes (Table S7 , Supporting Information).
A closer inspection of these results offers some interesting findings. First, D1 (longest axis) and D2 (middle axis) are generally much less affected by pressure than the smallest axis D3 ( . The curves are shifted vertically for better visibility. Note, the discontinuous curve shape appearing at some positions is caused by the necessity of merging the measurements taken at three different sample-to-detector distances (1.5, 3.0, and 6.0 m) to enable a broad q-range (0.06-2.06 nm −1 ). considerably decreased. Second, N-LDL shows somewhat smaller changes for D1 and D2 compared to the others. Third, a characteristic flattening in the overall particle shape can be observed in the front view of all models ( Figure 6 ), which correlates with the major diameter changes of the smallest axis D3. The presented results of this ab initio modeling approach roughly reflect the data obtained by fitting an ellipsoidal model to the SANS data of LDL. [35] These earlier data are systematically by 1-3 nm smaller in each dimension, which could be explained by the two completely different approaches, nonetheless, the relations between them are comparable. As expected, the changes in particle shape go in hand with a reduction in particle volume and surface area with increasing pressure (Figure S9 , Supporting Information). However, these effects cannot easily be explained by the induction of the lipid phase transition with increasing HHP, as the structural changes are also observed for LDL samples at low temperatures, when the core lipids are already in the liquid crystalline state. Most importantly, such morphological transitions cannot be attained by lowering the temperature. While the maximal changes in particle volume caused by temperature variations are only about 5%, the changes observed with HHP are between ≈10%-17%. The decrease in the surface area is almost 10% with increasing pressure, but just about 4% with temperature. Thus, the anisotropic deformation of LDL particle shape could arise from different compressibilities of the oily core, the lipid hydrocarbon chains, and the shell components (phospholipid headgroups and protein). Similar to lipid bilayer systems, hydrostatic pressure might lead to a lateral compression of the acyl chains of the phospholipids in the monolayer that directly affects protein conformation. Changes in the tertiary structure of apoB-100 and surface exposure of previously lipid buried protein domains could compensate for the increase of the surface area to volume ratio. Since pressure probes differences in the packing densities of lipids, which might be caused by local inhomogeneities in the lipid organization, it seems to be reasonable that differences in the partitioning of core and surface lipids or an interdigitation of the acyl chains of the lipid molecules might contribute to the anisotropic deformation of LDL. The data indicate that TG-LDL tends to be more prone to pressure-induced lipid rearrangements. This coincides with the finding that below T m the core lipids of TG-LDL particles are less densely packed than the core lipids of CE-rich N-LDL. Due to the high TG content, TG molecules are suggested to intermix with the ordered CE layers reducing their packing density making them more compressible. In contrast, in N-LDL the CE molecules are highly ordered below T m , while the TG molecules are most likely located in isolated microdomains remaining in a fluid state. [38] Hence the CE organization is less affected by pressure. These findings correlate well with a higher sensitivity of the molecular dynamics of TG-LDL to HHP as compared to N-LDL. [35, 36] As a general trend, the effect of HHP on biological systems follows Le Châtelier's principle [63] stating that increasing pressure promotes volume reduction and thus a sizeable reduction of molecular motions. In the present case, we observe the ordering of the lipid core and the induction of the core lipid phase transition when starting at a temperature above the phase transition and when increasing pressure. Such effect was already observed for pure dimyristoyl phosphatidylcholine (DMPC) lipids, where pressure up to 600 bar was able to order the sample in a way to induce the ripple phase when starting from the fluid phase. [64] The situation changes for more complex systems as cells or lipid-protein assemblies, and it is hence not possible to establish a general rule concerning the effects of HHP. Although Le Châtelier's principle remains valid for each individual system (the membrane, the core, proteins etc.), the different components can act either synergistically and cope rather well with the externally applied pressure, or adapt their shape and dynamics by modifying or decreasing them under HHP, or even increasing their molecular dynamics under HHP, as in the case of extremophiles used to life under high pressure conditions. [31] In general, pressure is known to impact membrane physiology, cellular metabolism, and molecular transport mechanisms, and especially lipid molecules are highly sensitive to pressure. [32] However, our experimental methods do not permit to distinguish which molecular interactions are exactly responsible for the specific behavior. Basically, in LDL pressure drives a compression of the lipids, a particle deformation and a structural transition accompanied by an ordering and rearrangement of the lipid molecules depending on the lipid composition of the individual LDL particles.
Conclusion
The herein presented analyses are direct and modelindependent evaluations of the scattering data from small-angle scattering experiments. The results gained from these analyses provide a direct interpretation of the measured data without a biased influence from preexisting knowledge of the investigated LDL system. SAXS is sensitive to changes in the inner particle organization and the SAXS experiments clearly demonstrate that a lipid phase transition in the apolar core of LDL can be induced by hydrostatic pressure. Already at pressures of 500 bar an ordering of the disordered lipid core is initiated. The higher the applied pressure, the more pronounced is the ordering. The layer distance of the lamellar ordering in the core seems to be very stable, as the lattice parameters are not influenced by HHP even at the highest investigated pressure point of 3000 bar. The pressure-induced phase transition is a highly conserved feature, which can be induced in all LDL samples. The LDL samples kept their structural integrity over the whole pressure range and exhibited a fully reversible behavior upon high pressure exposure. The shift of a peak in the p(r) functions, which predominantly corresponds to the protein and phospholipid headgroups, with increasing pressure gives a hint for an altered molecular arrangement in the outer surface layer of LDL. This assumption is confirmed by the SANS data analysis. The ab initio shape reconstructions indicate a flattening effect under HHP stress conditions, which is visible in the 3D shapes of the particles, in the changes of the maximum diameters of the axes of inertia and in the reduction in volume. Altogether, our data provide evidence that LDL samples experience structural adaptations under extreme pressure stress conditions, which cannot be induced by a decrease in temperature. Thus, the fully reversible mechanical response to deformation by HHP is a newly discovered feature for lipoproteins that describes the pronounced resistance of LDL nanoparticles to hydrostatic pressure. This study introduces HHP as a promising tool to study molecular assembling or interaction processes in lipoproteins in a nondestructive way. Further attempts may be directed to use HHP for the setup of innovative approaches for example to develop lipoprotein nanoparticles as pharmaceutical carriers.
Experimental Section
Ethical Statement: Anonymized human blood plasma was obtained from the Department of Blood Group Serology and Transfusion Medicine of the University Hospital Graz (Graz, Austria) after written informed consent, according to a protocol approved by the Institutional Review Board of the Medical University of Graz. The blood plasma was free of pathogens (HBV, HCV, HIV) and designated for research purposes only.
Isolation, Purification, and Characterization of LDL from Human Blood Plasma: The single-donor plasma bags were stored at -80 °C until used for isolation and purification of LDL. To prevent oxidation, microbial degradation, and enzymatic cleavage, ethylenediaminetetraacetic acid (EDTA) (3.4 × 10 −3 m), 0.05% w/w gentamicin sulfate and a protease inhibitor mixture (Roche Diagnostics, Basel, Switzerland) were added to Figure 6 . Averaged ab initio shape models of SANS data determined with the program DAMMIN [42] from at least ten independent runs. The applied SANS curves (left) and the averaged ab initio shapes of LDL particles are shown from three perpendicular perspectives at low (lower center) and high (upper center) pressure. The SANS curves were shifted vertically for better visibility. The models are aligned to each other along the main axes and rotated by 90° for each perspective. The corresponding particle dimensions measured through the IABB box as a function of pressure are shown (right), where D1 describes the diameter of the particle of the longest axis, D2 the diameter of the middle axis, and D3 the diameter of the shortest axis for low, intermediate, and high pressure. The diagrams are depicted for the three different samples N-LDL, Ox-LDL, and TG-LDL at the two measured temperature points of 10 and 40 °C.
the thawed plasma. LDL was isolated and purified through multiple-step density-gradient ultracentrifugation (180 000 g, 4 °C, 24 h) in the density range 1.019-1.063 g mL −1 as described previously. [65] The purified LDL fraction was extensively dialyzed against buffer solution (10 × 10 −3 m NaPi (1.44 g L −1 Na 2 HPO 4 · 2 H 2 O, 0.26 g L −1 KH 2 PO 4 ), 3.4 × 10 −3 m EDTA, pH 7.4). The samples were concentrated with Amicon Ultra-15 100K centrifugal filter devices (Merck Millipore Ltd., Cork, Ireland) to about 3 and 15 mg mL −1 apoB-100 for SANS and SAXS measurements, respectively. The samples were stored in the dark at 4 °C in an argon atmosphere until used for further measurements.
The chemical composition of LDL is routinely determined by commercially available enzymatic assay kits. Protein concentration was measured by the bicinchoninic acid assay (BCA protein assay kit; Thermo Fisher Scientific, Waltham, MA, USA). Total and free cholesterol were determined with the colorimetric CHOD-PAP enzymatic test kits (Free Cholesterol FS and Cholesterol FS by DiaSys Diagnostic Systems, Holzheim, Germany). The cholesteryl ester content was determined from the difference between total and free cholesterol content taking an average molecular weight of 650 for cholesteryl esters. Phospholipid and triglyceride contents were estimated according to the procedures of Takayama et al. [66] and Fossati and Prencipe, [67] respectively, using the assay kits Phospholipid FS and Triglycerides FS from by DiaSys Diagnostic Systems (Holzheim, Germany). Sample purity was checked with SDS-PAGE. D 2 O buffers were used for samples intended for neutron scattering experiments, all other samples were in H 2 O buffers. All additional chemicals were of analytical grade and purchased from Carl Roth (Karlsruhe, Germany).
Differential Scanning Calorimetry (DSC): The core lipid transition temperature was determined on a Microcal VP-DSC differential scanning calorimeter (Malvern Instruments Ltd., Malvern, UK). Each sample (≈2 mg apoB-100 per mL) was scanned reversibly for three times from 5 to 50 °C (pre-equilibrated at 5 °C for 30 min before each heating scan) and subsequently up to 95 °C with a scanning rate of 1 °C min −1 . The collected data were baseline subtracted and mass normalized to obtain heat capacity (kJ mol −1 of CE) versus temperature curves. Calorimetric data were processed with the data analysis software Microcal LLC DSC (OriginLab Corporation, Northampton, MA, USA). The curves were interpreted in terms of the core lipid phase transition temperature (T m ), observable as the maximum of change in heat capacity, as well as the calorimetric enthalpy (ΔH cal ) calculated by integration of peak areas using baseline extrapolation. The detailed information about T m was used for temperature adjustments during scattering experiments.
In Vitro Oxidation of LDL: Prior to the oxidation process the sample buffer was changed to a buffer system without EDTA (10 × 10 −3 m NaPi, 154 × 10 −3 m NaCl, pH 7.4) to enable nonenzymatic oxidation utilizing Cu 2+ ions. The samples were equilibrated to a temperature of 37 °C. The in vitro oxidation of LDL was induced by the addition of CuCl 2 (34 × 10 −6 m Cu 2+ ions per 1 mg mL −1 apoB-100). The process was monitored by spectrophotometric detection of conjugated diene formation (absorption at 234 nm) at 37 °C, which allowed to evaluate the time course of LDL oxidation. [42, 68] The process was stopped at the end of the lag phase before extensive lipid peroxidation occurred through the addition of EDTA (1 × 10 −3 m).
Small-Angle X-Ray Scattering (SAXS): Synchrotron SAXS experiments were performed at the SAXS beamline at ELETTRA (Trieste, Italy). [69] Scattering patterns were recorded with the 2D photon counting detector system Pilatus 1M (DECTRIS Ltd, Baden-Daettwil, Switzerland). The scattering intensity was measured as a function of the scattering vector q (q = 4π sinθ/λ, where 2θ is the scattering angle and λ is the wavelength), covering a q-range of 0.07-5.35 nm −1 (λ = 0.154 nm). The position calibration of the detector was performed using the diffraction pattern of silver behenate. Reference measurements (empty cell, buffer) were carried out with the same adjustments. The exposure time for all measurements was 60 s per image. Calibration and primary data treatment were performed with the Fit2D software. [70, 71] For the high hydrostatic pressure experiments a high pressure cell available at the beamline was used with some further adaptations. [72] The equipment consisted of a pressure generator with control unit (SITEC-Sieber Engineering AG, Maur, Switzerland) and a custom-built pressure cell (Resch GmbH, Glojach, Austria). The high pressure cell contained a cylindrical sample capillary (≈2 cm in length and 1.5 mm in diameter), made out of Kapton, a polymer of very high mechanical and thermal stability, and highly permeable to X-rays. The capillary was sealed with two Teflon plugs. A temperature unit covering the sample cell was attached and provided the possibility to adjust the temperature for the experiments.
Small-Angle Neutron Scattering (SANS): SANS experiments were performed at the SANS-II beamline at the Paul-Scherrer Institut (Villigen, Switzerland). [73] To enable data collection over a broad q-range (0.06-2.06 nm −1 , λ = 0.531 nm) three different sample-todetector distances (1.5, 3.0, and 6.0 m) were applied for each sample. All measurements were performed with D 2 O buffer (10 × 10 −3 m NaPi, 3.4 × 10 −3 m EDTA, pH 7.4 (pD 7.8). Reference measurements (detector efficiency, empty cell, buffer, cadmium) were carried out with the same adjustments and were used for primary data treatment with GRAS ans P, a Matlab script application developed by Charles Dewhurst (ILL) for the graphical inspection, analysis, and reduction of SANS data. Appropriate high hydrostatic pressure equipment including a temperature control unit was available at the beamline. [74] The LDL samples were probed at several pressure points (ranging from 20 to 3000 bar) and two temperature points (below and above T m ).
Small-Angle Scattering Data Analysis Procedures: SANS data were reduced with GRAS ans P, whereas SAXS data were further processed and reduced in Igor Pro Version 6.2.2.2 (WaveMetrics, Inc., Lake Oswego, OR, USA). The radius of gyration (R g ) for each experimental condition was determined by using the Guinier approximation in the low q-region. According to the equation In I q In I R q g ( ( )) ( (0)) 3 2 2 = − the R g can be determined from the slope of the linear regression of the Guinier plot (qR g < 1.3). Kratky plots were depicted to interpret samples according to their compactness and flexibility. The pair distance distribution function p(r), which gives information about the molecular particle shape and about intraparticle scattering distribution was calculated by indirect Fourier transformation of the scattered intensity I(q) by using the program GIFT (PCG Software package, Version 4.05.12). [54, 55] Ab initio low resolution shape reconstruction was done by simulated annealing. The technique utilizes a single phase dummy atom model to fill a space of predefined size with dummy atoms of specified radius. Through an iterative process a theoretical scattering curve is approximated to the actually measured data. The SANS curves were processed with the program DAMMIN/DAMMINF from the ATSAS software package. [61] For each scattering curve at least ten independent runs of DAMMIN with identical parameters were carried out (search volume sphere diameter = 25 nm, dummy atom packing radius = 1 nm, number of knots = 15, expected shape unknown) resulting in independent low resolution shape reconstructions. The ab initio shapes were aligned and an averaged model was built. These tasks were done with the program suite DAMAVER from the ATSAS package. [62] The dimensions of the averaged models were obtained with PyMOL. [75] The overall dimensions of the aligned models through the Inertia Axis Aligned Bounding Box (IABB box) were determined by applying two additional scripts. [75] For that reason each model was aligned along its axes of inertia and the maximal dimensions of these axes were taken.
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